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Recently, the idea of using nonlinearity to enhance the performance of vibration-based energy harvesters has been investigated. Nonlinear energy harvesting devices have been shown to be capable of operating over wider frequency ranges delivering more power than their linear counterparts, rendering them more suitable for real applications. In this paper, we propose to exploit the rich nonlinear behavior of a bistable composite plate with bonded piezoelectric patches for broadband nonlinear energy harvesting. The response of the structure is experimentally investigated revealing different large amplitude oscillations. Substantially large power is extracted over a wide frequency range achieving broadband nonlinear energy harvesting. © 2010 American Institute of Physics. ͓doi:10.1063/1.3487780͔
Vibration-based energy harvesting has received extensive attention over the past decade. The basic mechanisms used for transforming vibrations into electric energy include piezoelectric, electromagnetic, electrostatic, and magnetostrictive transduction.
1 Regardless of the conversion mechanism, energy harvesting devices have been designed to operate optimally at or very close to resonance. However, ambient vibrations generally show multiple frequencies which may drift over time, rendering typical linear harvesting systems unsuitable for most practical purposes. To address this issue, researchers have recently proposed broadband energy harvesting exploiting nonlinearity to achieve this objective.
2-5 So far, bistable cantilevered beams showing a wider range of high energy conversion have been proposed showing encouraging results in this research direction. 4, 6 This paper presents a broadband harvesting concept based on piezoelectric bistable composite plates. Bistable composites have been studied in the past for morphing applications due to their ability to attain two statically stable shapes. 7 This bistability property leads to rich dynamics including different nonlinear large amplitude oscillations occurring over a wide frequencies range. 8 By adding flexible piezoelectric patches to a bistable plate, high energy levels are converted from the nonlinear oscillations obtaining a broadband harvesting device. Unlike the bistable cantilevers studied in Refs. 3, 4, and 6, bistability of the plate studied in this work does not require strong external magnets which may be obtrusive for the powered electrical components, as well as for the circuitry of harvester itself. Furthermore, in the absence of magnets bistable plates can be designed to occupy smaller volumes than bistable cantilevers. Moreover, having two length dimensions offers flexibility in designing the harvester for broader conversion bandwidth.
The two stable states of the piezoelectric bistable composite plate used for developing a broadband harvesting device are schematically shown in Fig. 1 . A ͓90 2 −0 2 ͔ 200ϫ 200 carbon fiber epoxy bistable composite plate with seismic masses attached to each corner to obtain a more flexible structure is employed as experimental specimen. The plate is mounted from its center to an electromechanical shaker, as shown in Fig. 2͑a͒ . Four PZT-5A flexible piezoelectric patches are bonded to the surface of the bistable plate using a high shear strain epoxy, as shown in Fig. 2͑b͒ . The piezoelectric patches are connected in parallel to a simple resistor serving as electrical load. The dynamic response of the plate is first studied confined to each stable state using frequency response functions ͑FRF͒ for a very low forcing amplitude of 0.05 g to minimize nonlinear effects, shown in Fig. 3 for each state. Two modes can be observed on each stable state, 1 s1 and 2 s1 at 10.9 and 15.8 Hz for stable state 1, and 1 s2 and 2 s2 at 9.4 and 12.9 Hz for stable state 2. The nonlinear behavior of the bistable plate is studied using experimental frequency response diagrams, which combine the concepts of FRF and Poincaré maps to provide information of modal properties and nonlinear oscillations. 8 These diagrams are obtained using a single harmonic constant seismic acceleration input for forward and backward frequency a͒ Electronic mail: andres.arrieta@dyn.tu-darmstadt.de. sweeps. Peak-to-peak amplitudes of response are sampled over several consecutive forcing periods of steady state motions and plotted using the forcing frequency as parameter. For a linear response, a single amplitude value is sampled for consecutive periods for a given forcing frequency. Conversely, several points for a given frequency indicate the presence of multiple harmonics in the response signaling nonlinear oscillations. In particular, a dense cluster of points covering a broad range of amplitudes for a forcing frequency suggest chaotic behavior as in bifurcation diagrams. 9 Frequency response diagrams for velocity and piezoelectric voltage with initial condition at stable state 2 stepping up the frequency from 6 Hz for a forcing amplitude of 2.0 g are shown in Fig. 4 . On the top of the diagram, the state at which oscillations take place is indicated where appropriate. Different types of nonlinear large amplitude oscillations occurring over wide frequency ranges can be seen including 1/2 subharmonic oscillations, chaotic as well as large amplitude limit cycle oscillations ͑LCO͒ analogous to those observed in the bistable beam configuration in Ref. 4 . Subharmonic oscillations are confined to a stable state, whereas chaotic and large amplitude LCO for this configuration and control parameters involve snap-through between stable states. response diagrams for velocity and piezoelectric voltage stepping down the frequency from 25 Hz for a forcing amplitude of 2.0 g are shown in Fig. 5 . In this case, 1/2 subharmonic and chaotic oscillations are observed. As for oscillations starting at state 2, strong correlation is observed between high velocities and piezoelectric voltages particularly for chaotic oscillations. We present a sample of time series for each of the relevant nonlinear oscillations in Fig. 6 .
In order to obtain the load maximizing the harvested power, a resistor sweep is performed for each of the relevant large amplitude responses, shown in Fig. 7͑a͒ . Very high electrical power output is obtained for intermittency and large amplitude LCO giving 34 mW and 27 mW respectively, for an acceleration forcing level of 2.0 g. For chaotic motions, the maximum average power was found to be 9 mW, a significant level considering the wide range of frequencies over which this response can occur. For 1/2 subharmonic response of mode 1 s1 , the harvested power is much less in comparison to the other observed nonlinear regimes. However, given the large deflections experienced by the plate for these oscillations it may be possible to obtain higher levels of power optimizing the configuration of the piezoelectric transducers, effectively extending the range of frequencies where high energy conversion can be obtained. Figure 7͑b͒ presents the average power as a function of the forcing frequency for oscillations with initial condition at stable state 2 for a load of 98.5 k⍀. Even for this nonoptimal load, large average power is harvested over a wide range of frequencies showing the broadband characteristic of the proposed device. The rich dynamics of a bistable plate has been exploited for nonlinear energy harvesting. Large average power was harvested from intermittency, limit cycle and chaotic oscillations for responses with initial condition on both stable states. Combining the ranges where large amplitude oscillations occur gives a broadband energy harvesting device. The bistability of the plate studied herein does not require strong magnets unlike bistable magnetoelastic cantilevers. Although a square plate configuration is tested here, having two length dimensions offers design flexibility for multiple resonances. 
